Size is a critical property of a cell, but how it is determined is still not well understood. 
Introduction
Size is a fundamental characteristic of a cell, but how cell size is determined is still not well understood in most living organisms (Marshall et al., 2012) . Cells of different types typically have characteristic sizes, indicating that size is carefully regulated to fit cell functions during differentiation. At the simplest level, cell size is determined by growth and division. Although many factors regulating these two processes have been studied, how they are comprehensively regulated to achieve specific size outcomes remains unclear.
The sepal of Arabidopsis thaliana is an excellent model to study the regulation of Reichardt et al., 2007) . Hence, disruption of secretion in plants can often result in cytokinesis defects. For instance, a mutation in the SNARE KNOLLE leads to enlarged embryo cells with multiple nuclei (Lukowitz et al., 1996) .
Another common phenotype observed in secretion-deficient plants is abnormal auxin responses. The phytohormone auxin acts as a prominent signal in Arabidopsis development, and auxin influx/efflux carriers are essential in directing auxin transport and creating local maxima in an auxin gradient (Reinhardt et al., 2003; Heisler et al., 2005; Jonsson et al., 2006; Smith et al., 2006; Vanneste and Friml, 2009 ). To maintain appropriate auxin gradients, the subcellular localization of auxin carriers must be delicately regulated. Thus, auxin responses are highly sensitive to trafficking perturbations in plants (Geldner et al., 2003; Grunewald and Friml, 2010) .
Here, we have identified a new mutant with ectopic giant cells. Through positional cloning we determined that the mutation occurs in the SEC24A gene, which encodes the cargo binding subunit of the COPII vesicle complex. In addition to altered cell size, this novel sec24a-2 allele shows pleiotropic defects including dwarfism, which have not been reported previously for other SEC24A alleles (Faso et al., 2009; Nakano et al., 2009; Conger et al., 2011) . Although the mutant is developmentally aberrant, both cytokinesis and auxin response appear normal in sec24a-2, unlike other transport mutants. Instead we find SEC24A regulates cell size specifically via the giant cell development pathway. Thus our data reveal an unexpected role of SEC24A in endoreduplication and cell size patterning in the Arabidopsis sepal.
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Results

A novel sec24a allele increases cell size in the sepal epidermis.
To identify new genes in the genetic pathway controlling cell size patterning in the Arabidopsis sepal, we carried out an ethyl methanesulfonate (EMS) mutagenesis screen in the Landsberg erecta (Ler) accession and identified one recessive mutant with increased numbers of giant cells in sepals and leaves ( Figure 1A -B, 1A'-B' and Supplemental Figure 1 ). Using map-based cloning, the mutation was pinpointed to a C to T change at residue 1327 of the SEC24A (At3g07100) coding sequence. SEC24A encodes the cargo loading subunit of the COPII vesicle complex. This mutation converts a proline to a serine at residue 443 in the trunk domain ( Figure 1F ). P443 is highly conserved; in yeast and human crystal structure studies, this proline residue is important for the interaction between SEC24A and the COPII vesicle coat SNARE SEC22 (Miller et al., 2003; Mancias and Goldberg, 2007) .
Two other alleles of SEC24A have been previously identified. The G92/ermo2 allele has a conversion of arginine to lysine at residue 693, which leads to abnormal ER and Golgi morphology in Arabidopsis seedlings (Faso et al., 2009; Nakano et al., 2009) ( Figure 1F ). Yeast and mammalian studies have shown that residue 693 is crucial for cargo binding (Mancias and Goldberg, 2007; Miller et al., 2003) . In a later study, Conger et al. found that a T-DNA insertion allele, sec24a-1, leads to a male transmission defect in heterozygous mutants, and thus no homozygous individuals can be recovered (Conger et al., 2011) (Figure 1F ). We therefore named our homozygous viable mutant allele "sec24a-2".
The ectopic giant cells phenotype of sec24a-2 homozygous plants always cosegregates with prominent shoot developmental defects, dwarfism, increased lobing of sepal cells and male sterility in all of the 512 F2 mutant plants examined in the mapping population. This data suggests that SEC24A has roles in multiple different developmental pathways, as expected for a protein that is thought to transport many different cargoes ( Figure 1B Figure 2 ). For comparison, we also examined the previously published G92 allele. Based on Golgi morphology, sec24a-2 fails to complement G92 (see below), indicating sec24a-2 and G92 are allelic. However, G92 mutants only show slight developmental defects and have a normal number of giant cells ( Figure 1D , 1D', 1G and Figure 2 ) (Faso et al., 2009 ). This suggests that G92 is a weaker allele compared with sec24a-2 in terms of supernumerary giant cells in the sepal.
To quantify the cell size increase in sec24a-2, we used a semi-automated image processing approach to measure the cell size distributions of Ler and mutant sepals (Cunha et al., 2010; Roeder et al., 2010; Roeder et al., 2012) . Compared with the Ler, sec24a-2 has significantly fewer small cells (below 5000 μ m 2 ) and more large cells ( Figure 1E ). In summary, we have identified a novel mutant sec24a-2 with enlarged epidermal cells in the sepal.
The SEC24A regulatory region is broadly expressed in rapidly growing tissues.
To determine the expression pattern of SEC24A, we first examined publicly available microarray datasets (Genevestigator). SEC24A is expressed through all the developmental stages ( Figure 3A ).
To examine the tissue and cell type specificity of the SEC24A regulatory region, we created SEC24A reporters including both the same upstream (~2 kb) and downstream (~1 kb) regulatory regions used to rescue the mutant. To examine the tissue, we constructed a β -glucuronidase (GUS) reporter and stably transformed it into Ler plants. At 7 days, the strongest SEC24A:GUS signals were observed in the shoot apex and the distal root region ( Figure 3B ). At 30 days, SEC24A:GUS was highly expressed in inflorescences, cauline leaves and roots (especially lateral root tips) 1 0 ( Figure 3C-F) . Consistent with the sepal cell phenotype in our mutant, strong SEC24A:GUS signal was found in developing sepals ( Figure 3D ).
To view the expression pattern of the SEC24A regulatory region on the cellular level in the sepal, we expressed a fluorescent nuclear reporter (H2B-mGFP) under the same SEC24A regulatory region. We found ubiquitous SEC24A:H2B-mGFP expression throughout sepal development and the expression is not giant cell or small cell specific ( Figure 3G-H) . In conclusion, consistent with the microarray data, the SEC24A regulatory region is broadly expressed particularly in rapidly growing tissues throughout development.
The interactions between SEC24A and other COPII subunits are conserved in
Arabidopsis.
Given the surprising result that SEC24A has a role in controlling cell size in the sepal, we next tested whether SEC24A interacts with other components of the COPII coat, as expected for a canonical SEC24 protein involved in ER to Golgi trafficking. SEC24A has been shown to interact directly with coat protein SEC23 and the SNARE protein SEC22 in yeast and human (Bi et al., 2002; Mancias and Goldberg, 2007, 2008) . To check if the COPII complex has similar interactions in Arabidopsis, we carried out protein-protein interaction assays. Positive interactions were detected between SEC24A and all selected SEC23 homologs using yeast two-hybrid assays, validating that SEC24-SEC23 interaction is conserved in Arabidopsis ( Figure 4A ).
The Arabidopsis genome encodes two SEC22 homologs: SEC221 and SEC222 (Lipka et al., 2007) . SEC221 was found to be essential for gametophyte development, and thus no loss-of-function homozygous mutants could be recovered (El-Kasmi et al., 2011) . Due to the phenotypic similarity (gametophyte lethality) of sec24a-1 and sec221 loss-of-function alleles, we hypothesized that SEC24A and SEC221 have a direct physical interaction. We tested the interaction between SEC24A and SEC221 ∆ TM (see ∆ TM through a pull down experiment using recombinant proteins ( Figure   4C ). Our data show that SEC24/SEC23 and SEC24/SEC22 interactions are conserved in Arabidopsis, suggesting that SEC24A acts as a COPII coat protein as expected.
Golgi and ER morphologies are abnormal in the sec24a-2 mutant.
Previously, dysfunction of SEC24A has been shown to affect the Golgi morphology in Arabidopsis. In cotyledon epidermal cells, the fluorescent Golgi marker ST-GFP labels a few sparse punctate structures, whereas Faso et al. showed that in the sec24a G92 allele ST-GFP labelled large fluorescent globular structures (Faso et al., 2009 ). We used the same ST-GFP marker to test if our sec24a-2 allele has the similar defect.
Similar to G92, we observed a great increase in the ST-GFP signal number as well as many "Golgi clumps" (Figure 5A -C). Those "Golgi clumps" consist of punctate and diffuse fluorescence which are highly similar to the abnormal globular structures described by Faso et al (Faso et al., 2009) . Furthermore the sec24-2/G92 transheterozygote also forms "Golgi clumps" indicating that sec24a-2 is allelic to G92 ( Figure 5A-C) . Thus the sec24a-2 has Golgi structure defects similar to those previously reported.
In yeast and human SEC24 proteins, the conserved proline residue mutated in sec24a-2 is predicted to be structurally crucial for binding with the SNARE SEC22 (Miller et al., 2003; Mancias and Goldberg, 2007) . Previous studies show that mutations of SEC221 and SEC24A both lead to morphological disruption of the ER (Faso et al., 2009; Nakano et al., 2009; El-Kasmi et al., 2011) . We then hypothesized that in addition to the structural defects of Golgi, our sec24a-2 plant also has disrupted ER. We visualized the ER morphology with a well-established ER marker GFP-HDEL (Gordon et al., 2007) . The ER structure in Ler forms highly regular networks, particularly localized around the nucleus and in the periphery of the cell near the plasma membrane ( Figure   5D ). In contrast, sec24a-2 mutant sepals show disorganized ER, with globular www.plantphysiol.org on January 17, 2018 -Published by Downloaded from Copyright © 2014 American Society of Plant Biologists. All rights reserved.
1 2 structures that are never observed in Ler ( Figure 5D ). Our data is consistent with the previous finding that abnormal spherical ER structure appeared as a result of a SEC24A mutation (Nakano et al., 2009 ). In summation, both the ER and Golgi are morphologically abnormal in the newly identified sec24a-2 allele similar to previously described sec24a alleles.
PIN1/PIN7 trafficking and auxin response are not disrupted in sec24a-2.
Considering the versatility of auxin in plant development and the pleotropic defects of sec24a-2, we next tested whether the mutant has a compromised auxin response due to mis-regulated trafficking of auxin efflux PIN proteins. We checked in vivo localizations of PIN1-GFP and PIN7-GFP (Blilou et al., 2005; Heisler et al., 2005) . Both proteins exhibited similar distributions in sec24a-2 and Ler plants (Supplemental Figure 3A -F).
On the cellular level, we observed polarized localizations of PIN1/PIN7 in sec24a-2 similar to those in Ler (Supplemental Figure 3A -F insets). Hence, no defect in PIN1 and PIN7 trafficking is visible in sec24a-2. To further confirm that the auxin response is normal in sec24a-2, we used the well-established auxin response reporter DR5:3x-Venus-N7 (Heisler et al., 2005) . No differences in the expression pattern of this reporter were found between sec24a-2 and Ler plants (Supplemental Figure 3A , 3B). To validate our discoveries on the physiological level, we checked the root gravitropism. As expected, both the Ler and sec24a-2 roots are able to properly respond to the gravity by growing downward (Supplemental Figure 3G , 3H). Therefore, although sec24a-2 has disorganized ER and Golgi structures, it is not compromised in PIN1/PIN7 trafficking and has apparently normal auxin responses. To quantify endoreduplication in sec24a-2, we measured the DNA content of sepal epidermal nuclei using flow cytometry (Roeder et al., 2010) . Endoreduplication is expected to increase the ploidy of nuclei. Strikingly, sec24a-2 has a highly endoreduplicated 32C peak signal that is not detectable in Ler sepals ( Figure 6C-D) .
The proportions of 16C and 32C cells, which correspond to giant cells, were significantly increased in sec24a-2 sepals ( Figure 6D ). Many 2C diploid cells were still detected in sec24a-2 sepals because the assay detects epidermal cells on both sides of the sepal and those on the adaxial (inward) side are 2C or 4C in both Ler and sec24a-2 mutant plants. Inducing ectopic endoreduplication in sepals through overexpression of the Cyclin Dependent Kinase (CDK) inhibitor KRP1 produces a similar result (Roeder et al., 2010) . Likewise in sec24a-2 leaves, where ectopic giant cells are also observed, the portion of highly endoreduplicated nuclei (16C, 32C, and 64C) is increased 2007). Since more endoreduplicated cells are observed in sec24a-2 mutant, we hypothesized that phosphorylation of CDKA;1 would be reduced. We generated CDKA;1 expressing plants and probed their phosphorylation level using Western blotting. A significant decrease of total CDKA;1 protein level and phosphorylated CDKA;1 are detected in sec24a-2 compared with Ler ( Figure 6E ). This observation corresponds well with our live imaging and flow cytometry data and further validates that sec24a-2 has increased endoreduplication.
Next we asked which endoreduplication machinery is required to form ectopic giant cells in sec24a-2. Prevention of CDKA;1 phosphorylation is carried out by many kinase inhibitors (Verkest et al., 2005; Churchman et al., 2006) . Previously, the cyclin
dependent kinase inhibitor (CKI) LOSS OF GIANT CELLS FROM ORGANS (LGO) /
SIAMESE RELATED 1(SMR1) has been shown to be crucial for promoting endoreduplication in sepal giant cells. Sepals of the lgo-1 mutant, a loss-of-function allele of lgo, fail to form giant cells (Roeder et al., 2010; Roeder et al., 2012) . To test whether LGO activity is required to make ectopic giant cells in the sec24a-2 mutant, we removed/reduced LGO activity from sec24a-2 in the sec24a-2 lgo-1 double mutant. As we have shown that ectopic giant cells in sec24a-2 mutants form through increased endoreduplication mediated by the giant cell pathway member LGO, we further tested how SEC24A genetically interacts with other genes involved in giant cell formation. ACR4 encodes a receptor-like kinase that promotes giant cell formation and DEK1 encodes a transmembrane calpain protease required for giant cell formation (Becraft et al., 1996; Lid et al., 2002; Gifford et al., 2005; Johnson et al., 2008; Roeder et al., 2012) . To test whether their activities are required for the formation of ectopic giant cells in sec24a-2 mutants, we generated sec24a-2 acr4-24 and sec24a-2 dek1-4 double mutants. Both double mutants show decreased numbers of giant cells, similar to single acr4-24 and dek1-4 mutants ( Figure 7E -H and 7E'-H'). Measurement of cell sizes in the double mutants indicates that both acr4 and dek1 are completely epistatic to sec24a-2 in terms of sepal cell size, similar to lgo-1 (Figure 2 ). However, we found that both double mutants are dwarfed and male sterile, as in single sec24a-2 mutants (Supplemental Figure 6 ). This suggests that in the sepal giant cell formation pathway, ACR4 and DEK1 act downstream of SEC24A, and that their activities are required for ectopic giant cell formation in sec24a-2.
In a previous study, we have identified two enhancers that distinguish giant cells from small cells (Roeder et al., 2012) . To better understand how SEC24A fits in the established giant cell formation pathway, we examined the expression pattern of these markers in sec24a-2 mutant sepals. The small cell marker expression is largely suppressed in the sec24a-2 sepal, which is consistent with the previous finding that endoreduplication suppresses small cell identity (Supplemental Figure 7) (Roeder et al., 2012) . However, the number of cells expressing the giant cell marker was not increased in sec24a-2 (Supplemental Figure 7) . This result is consistent with the previous finding that increased endoreduplication through KRP1 overexpression is not sufficient to promote giant cell identity (Roeder et al., 2012) . In conclusion, the ectopic giant cells in sec24a-2 are formed through endoreduplication which requires the activity of DEK1, ACR4, and LGO. ACR4 and DEK1 are unlikely to be cargoes of SEC24A.
Both ACR4 and DEK1 localize to the plasma membrane, and are probably transported from the ER to the Golgi via COPII vesicles (Gifford et al., 2005; Johnson et al., 2008) .
Since the SEC24 family is required for cargo loading, we hypothesized that ACR4 and DEK1 should have direct interactions with one or multiple SEC24 members. To test this hypothesis, we used BiFC, because interactions between cargoes and SEC24 coat proteins are normally transient, and dimerization of the GFP can stabilize them enough to be visible (Magliery et al., 2005) . We tested the interaction of all four Arabidopsis SEC24 isoforms with DEK1 and ACR4. Positive protein-protein interaction signals were only observed when SEC24C and ACR4 or DEK1 were co-inoculated (nGFP-SEC24C with ACR4-cGFP or DEK1-cGFP) (Figure 8 ). In contrast, no interaction signal was observed between SEC24A and ACR4 or DEK1 (nGFP-SEC24A with ACR4-cGFP or DEK1-cGFP). These data provide no evidence for direct physical interactions between SEC24A and ACR4 or DEK1, and suggest that ACR4 and DEK1 are likely to be transported by a SEC24C-dependent pathway.
To determine whether ACR4 or DEK1 trafficking were indirectly affected in the sec24a-2 mutant, we examined the subcellular localization of ACR4 and DEK1 fluorescent fusion proteins in sec24a-2 (ACR4:ACR4-GFP and RPS5A:DEK1-GFP) (Gifford et al., 2005; Johnson et al., 2008) . ACR4-GFP and DEK1-GFP showed similar signals on the plasma membrane and in internal structures in both control and sec24a-2 (Supplemental Figure 8) . Thus the increased giant cell phenotype in sec24a-2 cannot be explained by an obvious change in the subcellular localization of DEK1 or ACR4.
Discussion
Our study reveals a novel role of SEC24A in endoreduplication and cell size patterning in the Arabidopsis sepal (Figure 9 ). SEC24A is a COPII coat protein that binds and recruits cargo into vesicles to traffic from the ER to the Golgi ( demonstrates that these genes belong to the same genetic pathway and additionally, SEC24A acts upstream of DEK1, ACR4 and LGO. However, the interaction is likely to be indirect, since we could not detect a physical interaction between SEC24A and these giant cell regulators. How alterations in COPII vesicle trafficking lead to the increased giant cell numbers in sepals is still unknown. We postulate that SEC24A regulates giant cell formation and endoreduplication by transporting an unknown factor (X in Figure 9 ). An important question raised by this study is how the mutation in sec24a-2 can increase the number of highly endoreduplicated cells. Pattern formation is usually a consequence of antagonistic interactions between activators and inhibitors (Lewis, 2008) . For example, during early embryogenesis, HD-ZIP III genes and PLT1/2 genes are activators and inhibitors of apical fate establishment respectively: they act antagonistically so that a normal apical-basal pattern can be formed (Smith and Long, 2010) . By analogy, we hypothesize that SEC24A delivers a yet unknown inhibitor of giant cell formation, possibly of ACR4 and DEK1, to the Golgi from the ER during exocytosis (Figure 9 ). This unknown inhibitor could be another plasma membrane protein harboring COPII binding motif(s). Normally, this inhibitor would be correctly transported and thus capable of antagonizing ACR4 and DEK1 activities. In this situation, the endoreduplication level would be maintained at an appropriate level to generate the normal cell size patterning in the Arabidopsis sepal. In contrast, mutation of SEC24A in our sec24a-2 allele would handicap the correct targeting of the potential inhibitor. As a consequence, endoreduplication would be up-regulated and the sepal covered with giant cells due to hyperactivation of the giant cell formation pathway. (Vieira et al., 1996; Leof, 2000; Panopoulou et al., 2002; Geldner et al., 2007) . A prominent example of this in Arabidopsis is the steroid receptor kinase BRI1: increasing the endosomal localization of BRI1 enhances its downstream response (Geldner et al., 2007) . It would be interesting to see whether trapping ACR4 and DEK1 in endosomes leads to their hyperactivation.
The absence of the ectopic giant cell phenotype in the G92 allele of sec24a indicates this phenotype is highly allele-specific. Our sec24a-2 allele affects the conserved binding site of the SNARE SEC221. In yeast, the Sec22p protein constantly cycles between the ER and the Golgi, which allows it to participate in fusion events for both anterograde and retrograde trafficking (Spang and Schekman, 1998; Cao and Barlowe, 2000; Liu and Barlowe, 2002 Our study reveals an unexpected role of the secretion gene SEC24A in regulating cell size patterning, suggesting the existence of an inhibitor of giant cell formation, which complements the activators already identified. This work further illustrates the specificity of phenotypes that can be caused by defects in particular proteins involved in endomembrane trafficking. SEC24A clearly has a role in regulating cell size through the giant cell formation pathway, but not cytokinesis or auxin transport, which are both affected specifically in other trafficking mutants (Lukowitz et al., 1996; Geldner et al., 2003) . Finally, our results in parallel with those in other systems reinforce the centrality of cell size regulation within developmental pathways, which ensures that differentiating cells attain the correct size to function.
Methods
Accession Numbers
Arabidopsis Genome Initiative numbers from this article are as follows:
Generation of SEC24A Regulatory Region Constructs
The SEC24A native promoter/Gateway expression vector, pART27-pSEC24A:GW, was generated using pART27 as the backbone. The 5' flank of SEC24 (-2015 to -1 of the SEC24 start codon) was PCR-amplified with primers 5'-TTTTCACTCAGCTCTGATCAG CCGCA-3' and 5'-CGGCGCGCCTATTGATCACAACTTATCACTTAC-3'), the gateway cassette was PCR-amplified with 5'-CGGCGCGCCATCAACAAGTTTGTACAAAAAAGC T-3' and 5'-CGGTACCATCAACCACTTTGTACAAGAAAGCT-3'); and the 3' flank of SEC24A 3' sequence (994 bp following the stop codon) was amplified with 5'-CGGCGC GCCGGTACCGATAGCTCACAATGGTAAGGAAAAAAC-3' and 5'-CACTAGTAATCG GGAACACATAATTGATAAAAT-3'). All three amplification products were inserted into the backbone using standard cloning methods.
To create SEC24A:GUS, SEC24A:H2B-mGFP, SEC24A:SEC24A-GFP and SEC24A:CDKA;1-FLAG constructs, LR reactions (Invitrogen/Gateway) were carried out using pART27-pSEC24A:GW as the destination vector and corresponding PENTR-DTOPO vectors as entry vectors. Final products were verified by sequencing and used for Agrobacterium transformation.
Plant Materials
The Landsberg erecta (Ler) accession, which contains the erecta mutation, has been used as the Arabidopsis thaliana genetic background for this study. M2 ethyl methanesulfonate (EMS) mutagenized Ler seeds were purchased from Lehle Seeds, and examined under a dissecting microscope for altered giant cells in the sepal (Roeder et al, 2010; Roeder et al. 2012) . Only one mutant with supernumerary giant cells was isolated from the screen, later named sec24a-2. This mutant with ectopic giant cells was back-crossed to Ler three times prior to further analysis. This mutant was also crossed with a Col plant to generate the mapping population. The sec24a-2 mutation was isolated using standard map-based cloning (Lukowitz et al., 2000) . The mutation was mapped to the interval between CER468287 at base 2235949 and CER464185 at base www.plantphysiol.org on January 17, 2018 -Published by Downloaded from Copyright © 2014 American Society of Plant Biologists. All rights reserved.
2 1 2354032 of chromosome 3 and subsequently candidate genes were PCR amplified and sequenced. To genotype sec24a-2 plants, a SEC24A fragment was PCR-amplified with 5'-CATAGCTCCAACTGAATACATGGTTCGGACT-3' and 5'-AAGTGGGATATTCAA ATCGATCATGCT-3' at an annealing temperature of 55 °C, followed by digesting the product with HinfI to produce a 102-bp wild-type product or a 130-bp mutant product. In each generation, homozygous mutant sec24a-2 plants were segregated from a heterozygous parent because the homozygous plant is male sterile and no homozygous progeny are produced.
The sec24a-2 rescue line was generated by transforming heterozygous sec24a-2 with SEC24A:SEC24A-GFP. SEC24A:GUS, SEC24A:H2B-mGFP and SEC24A:CDKA;1-FLAG lines were generated by transforming Ler with the corresponding constructs. In all cases, we used the standard Agrobacterium-mediated floral dipping transformation methods (Clough and Bent, 1998) . Seeds were selected on ½ MS agar plates with 50 μ g/mL kanamycin, and healthy plants were transferred to soil after 2 weeks.
Other plant materials (mutants and reporter lines) used in this study were either generated in our lab previously, or requested from others as described: PIN7-GFP lgo-1, acr4-24, and dek1-4 (Roeder et al., 2010; Roeder et al., 2012) .
Combinations of mutants and markers were made by crossing. Pollen from the marker lines was used to pollinate the stigma of sec24a-2 homozygous plants. The presence of the fluorescent marker and the sec24a-2 mutation were verified in the F1 population by confocal microscopy and PCR genotyping. In the F2 population, homozygous sec24a-2 plants were selected based on developmental defects and confirmed with PCR genotyping before further analysis. Similarly, double mutants were confirmed by PCR genotyping (Roeder et al., 2010 and Roeder et al., 2012) . Stage 14 flowers were fixed in FAA (50% ethanol, 5% acetic acid, and 37% formaldehyde) for 4 hours and dehydrated through an ethanol series (Roeder et al., 2003) . Flowers were critical point dried and sepals were dissected. Tissue was sputter coated with platinum palladium and viewed on a LEICA 440 SEM.
Scanning Electron Microscopy
Cell Area Measurements
To quantify cell area in confocal images, the plasma membrane marker pAR169 ML1::mCirtrine-RCI2A was introduced to Ler and sec24a-2 plants by transformation and crossing (Roeder et al., 2010) . Stage 12 sepals were imaged, segmented, hand corrected and processed as described previously (Roeder et al., 2012) . To quantify cell area in SEM images, cell outlines were traced manually and subsequent segmentation, hand correction and processing were performed the same as the confocal image quantification. In both cases a Matlab function was used to measure the area of each cell from the segmented image (Cunha et al., 2010) . The data were sorted in Microsoft Excel and the cell area density plot was generated using the statistical software R with the Gaussian model as the smoothing kernel.
ST-GFP Quantification
ST-GFP confocal images were quantified using the Image J plug-in Squassh (Rizk et al., 2014) . Subsequent data analysis and plotting were carried out in Excel and R.
Flow Cytometry
The ploidy of stage 14 sepal epidermal cells for each of the genotype was processed as described previously (Roeder et al., 2010) . All the measurements were carried out on an Accuri C6 flow cytometer.
GUS staining
GUS staining was performed with as described previously (Sessions et al., 1999 Sepals were stained with 0.1 mg/ml propidium iodide for 10 minutes and mounted in 0.01% Triton X-100 for imaging. The imaging settings were described previously on a Zeiss 710 confocal microscope (Roeder et al., 2012) .
FM4-64 staining
Flowers were dissected and stained in 10 μ g/ml FM4-64 (Molecular Probes) for 15 minutes before imaging on a Zeiss 710 confocal microscope.
Live imaging
For live imaging, inflorescences of Ler and sec24a-2 plants expressing plasma membrane (ML1:mCitrine-RCI2A) and nuclear (ML1:H2B-mYFP) markers were dissected to reveal young buds. Dissected inflorescence stems were inserted in a ½ MS agar plate with 2% sucrose, where it continued to grow. A 20x water dipping lens was used to image single flowers every 12 hours on a Zeiss 710 confocal microscope.
Images were registered and analyzed as described (Roeder et al., 2010) . Confocal microscopy was carried out 48 hrs or 72 hrs after infiltration depending on the experiment.
Recombinant Protein Production
To produce MBP-6x His SEC24A∆N, the SEC24A coding sequence ranging from 1018 nt to the stop codon (with 1 nt denoting the first residue of the SEC24A start codon) was PCR-amplified and tagged with an N-terminal 6x His tag, with 5'-AGGGGATCCCATCACCATCACCATCACATGTTACCTCTAGGAGCTGTGGTT-3' and 5'-AGGGTCGACCTAATCTTGAGAAAAAAGGTCTAT-3'. WT Ler cDNA were used as a template. The PCR product was then digested and ligated to pMAL-c2X vector (NEB).
Clones were verified by sequencing. The plasmid was transformed into the Rosetta DE-3 strain (Novagen) for protein production.
To produce SEC221∆TM-GST, the SEC221 coding sequence covering 1-570 nt was PCR-amplified and cloned into the PENTR/D-TOPO vector with 5'-CACCATGGTGAAAATGACATTGATAGC-3' and 5'-CTAACGGTTCAAATCTTTAGCCT-3'. The PDEST24 vector (Invitrogen) was then used as a destination vector for an LR reaction. Clones were verified by sequencing. The final plasmid was transformed into Rosetta DE-3 for protein production.
Both proteins were induced under the same conditions. A single E. coli colony containing each construct was cultured at 37°C until its OD 600 reached 0.6. Then 
In Vitro Pull-Down Assay
Supernatants of MBP-6x His SEC24A∆N fractions were incubated with Ni-NTA beads and rotated at 4 °C for 2 hrs. The flow through was discarded and the beads were washed two or more times with PBS buffer containing 0.1% Triton X-100. SEC221∆TM-GST supernatants were then added to the beads, and the reactions were incubated at 4 °C for 30 minutes. Additional washes were carried out for two or more times, and the proteins were eluted by boiling for 5 minutes after adding 1x Laemmli buffer. The elutants were loaded on a 12% separation/6% stacking Laemmli gel and run for 2 hrs at 100 V. The gel was either transferred to membrane for western blotting or stained with Coomassie brilliant blue solution to reveal the bands.
Western Blotting
To visualize MBP-6x His SEC24A∆N proteins, a primary anti-his antibody was used. To probe SEC221∆TM-GST, a primary anti-GST antibody was used. For investigating CDKA;1 phosphorylation, a primary anti-FLAG antibody was used. All the antibodies were diluted in a 1:3000 titration in 1x TBST with 1% milk. After incubation with the primary antibody on a shaker for 1hr at room temperature, a 1:10,000 diluted secondary antibody conjugated with 800CW was added and incubated for 1hr at room temperature.
The final membrane scanning was completed using an odyssey scanner.
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Supplemental Materials
The following materials are available in the online version of this article.
• Supplemental Figure 1 . sec24a-2 has increased ploidy in leaves.
• Supplemental Figure 2 . Segregation analysis of sec24a-2 mutant.
• Supplemental Figure 3 . Auxin signaling is unchanged in sec24a-2 mutants.
• Supplemental Figure 4 . sec24a-2 sepal cells have a single nucleus.
• Supplemental Figure 5 . Live imaging of Ler early sepals.
• Supplemental Figure 6 . Plant phenotypes of single and double mutants at 30 days.
• Supplemental Figure 7 . Giant and small cell marker expression in Ler and sec24a-2 sepals.
• Supplemental Figure 8 . ACR4-GFP and DEK1-GFP localize to the plasma membrane in Ler and sec24a-2 plants. (G) Plant phenotypes of Ler, sec24a-2, complemented sec24a-2 and G92. Note that only sec24a-2 is dwarfed.
